Introduction
Platelets release from megakaryocytes as small subcellular discs with high fidelity into blood where they function to preserve the integrity of the vascular system. In response to injury, in which the continuity of the blood vessel is compromised, platelets bind, change shape, release their granule contents, and aggregate to seal off the damaged section of the vessel. Despite the importance of blood platelets and knowledge for 100 years that they are derived from megakaryocytes, 1 there is still no consensus for how platelets are assembled by megakaryocytes. 2 A megakaryocyte's brief lifetime follows a maturation process involving the destruction and removal of the residual cell body and the nuclear material and culminates in the release of 100 to 1000 platelets. Megakaryocytes must not only produce, and replicate the assembly of the specialized cytoskeleton of each platelet, but also load every platelet with the appropriate allotment of organelles and granules essential for their hemostatic function. Identifying the mechanisms of organelle delivery during platelet production is central to our understanding of platelet biogenesis. Two major models of platelet biogenesis have been proposed. According to the cytoplasmic fragmentation model, an extensive system of internal membranes within the megakaryocyte cytoplasm demarcates fields or territories of prepackaged platelets, and fragmentation of the cytoplasm along these fracture lines releases platelets. 3, 4 In contrast, the proplatelet model predicts that platelets are released from megakaryocytes in a process that remodels the entire megakaryocyte cytoplasm into long, beaded extensions termed proplatelets. [5] [6] [7] [8] The models differ dramatically in the proposed mechanisms by which organelles and granules are loaded into platelets. Therefore, establishing the mechanisms by which organelles are transported into putative platelets places constraints on global mechanisms of platelet production. The cytoplasmic fragmentation model predicts packaging of organelles within the body of the megakaryocyte. 9 In contrast, the proplatelet model stipulates that platelets assemble and package their organelles de novo within proplatelets and requires that the intracellular components of platelets be sent from their sites of synthesis in the megakaryocyte cell body to the proplatelets. One major distinction between these two
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With the aid of various culture systems using megakaryocytes isolated from humans, 10, 11 gunea pigs, 12, 13 and mice, [14] [15] [16] [17] many investigators have documented in vitro proplatelet formation and provided insights into their formation. Proplatelet intermediate structures are essential for murine platelet formation in vitro. 18, 19 These distinctive cellular extensions are built by scaffolds of motile microtubules. Platelet formation begins as microtubules assemble and move to the cortex of megakaryocytes. These microtubules then coalesce into bundles that fill the shafts of proplatelets and provide the force for proplatelet elongation. 20 Similar to axons and dendrites of neurons, the microtubule bundles form parallel arrays that run from the cell body to the ends of the proplatelets.
However, the microtubule bundles within proplatelets do not terminate at the tips as they do in the neuronal extensions, but instead make U-turns inside the platelet ends and reenter the shafts of the proplatelets. 21 The finding that microtubule coils, similar to those observed in blood platelets, are detected predominantly at the bulbous ends of proplatelets and not within the platelet-sized swellings along the length, has lead us to hypothesize that the formation of platelets completes at the ends of proplatelets. To increase platelet production, proplatelet ends are amplified by an actin-based mechanism that bifurcates the shafts of proplatelets. 21 The cytoskeletal mechanisms that power and regulate organelle distribution during platelet production are still unknown. The high degree of spatial and temporal organization of molecules and organelles within cells is made possible by protein machines that transport components to various destinations within the cytoplasm. 22 The most widely used mechanism for intracellular transport involves molecular motor proteins that carry cargo directionally along a cytoskeletal track. In general, myosin motors, particularly class V myosins, transport cargo along actin filaments, while kinesin and cytoplasmic dynein motors move cargo along microtubules. 23 Proplatelet-producing megakaryocytes contain high concentrations of both actin filaments and microtubules. Is directed organelle motion during platelet production driven over actin filaments,
For personal use only. on October 23, 2017 . by guest www.bloodjournal.org From microtubules, or do both polymer systems contribute? The need to transport organelles over extremely long distances along proplatelets presents an unusual challenge to developing megakaryocytes. A complete understanding of the regulation of organelle transport during platelet production requires determination of the organization of microtubules along the proplatelets and identification of the motors associated with organelle transport. These issues motivated the present studies in which we sought to determine the mechanisms by which organelles are transported and targeted to putative platelets. If platelet production occurs predominantly along proplatelets, the intracellular components of platelets must be sent from their sites of synthesis in the megakaryocyte cell body to the proplatelets. The microtubule bundles running from the cell body to the nascent platelets are well-positioned to provide lines of transport for this long-range assembly process. To define the details of organelle transport to assembling platelets, organelle movement along proplatelets in living megakaryocytes was examined using time-lapse microscopy of cells labeled with organelle-specific fluorescent dyes. A detailed characterization of organelle dynamics in proplatelets reveals that organelles and granules translocate individually and bidirectionally along the proplatelet shaft, and are captured once they enter the nascent platelet at the proplatelet tip. To investigate the cytoskeletal mechanics of this organelle motility, the motion of organelles in megakaryocytes that had been pharmacologically manipulated by cytoskeletal poisons was analyzed. Our results suggest that the organelle movements along proplatelets are microtubule-based and involve two mechanisms: (1) organelles move over microtubules and (2) organelles ride "piggyback" along the surface of sliding microtubules. The force for the former is the microtubule motor protein kinesin that localizes on organelles along the proplatelets. The force for the latter is provided by cytoplasmic dynein. These findings clearly demonstrate platelets are not preassembled in the body of the megakaryocytes and "platelet bodies" are not transported down the shafts of proplatelets as preformed units.
For
Material and Methods
Megakaryocyte Cultures. Megakaryocytes were cultured and isolated using methods described previously.
24
Thin-section electron microscopy. Megakaryocytes were centrifuged onto 22 mm coverslips coated with poly-L-lysine, fixed with 1.5% glutaraldehyde in 0.1 mol/L cacodylate buffer, pH 7.4 for 8 hours, dehydrated through a series of alcohols, infiltrated with propylene oxide, and embedded in Epoxy resin. Embedded cells were separated from the coverslip by immersion in liquid nitrogen. Ultrathin sections were stained and examined with a JEOL electron microscope.
Visualization of the dynamics and distribution of fluorescently-labeled organelles in living megakaryocytes. To visualize mitochondria, megakaryocytes were incubated with 100 nm mitotracker Green FM in the dark for one hour and then washed with PBS. To visualize α-granules, megakaryocytes were incubated overnight with 150 µg/ml of Oregon Green 488 human fibrinogen conjugate (Molecular Probes, Eugene, OR) and 100 units/mL Hirudin (Sigma). Megakaryocytes were then washed by albumin gradient sedimentation, and the resuspended pellet was placed in a video chamber. To visualize dense granules, megakaryocytes were incubated with 50 µm mepacrine (Sigma) for 60 min at 37°C in the dark. Video dishes were filled with 65% Leibowitz L-15 medium Immunofluorescence microscopy. Megakaryocytes were stained using previously described methods. 21 Determination of microtubule polarity with kinesin-coated latex Beads.
Permeabilized proplatelets were treated with 0.5M KCl for 10 min (to block sliding of microtubules) and resuspended in PMEG buffer supplemented with 1 mM ATP and 1 mM DTT. 0.4 µm carboxylated latex beads (2.5% solution, Sigma, St. Lousis, MO) were diluted 300-fold into PMEG buffer supplemented with 1 mM ATP and 1 mM DTT. To attach the kinesin motor protein to the latex beads, 3 µl of diluted latex beads were added to 12 µl of 0.3 mg/ml recombinant kinesin motor protein (The Cytoskeleton, Denver, CO), and incubated for 5 min on ice. 25 The bead sample was applied to the coverslip Isolation of megakaryocyte organelles and in vitro translocation. Organelles were isolated from proplatelet-producing megakaryocytes using discontinuous sucrose gradient centrifugation as described previously. 26 Megakaryocytes were lysed by homogenization and centrifuged (500 g, 4°C, 5 min) to remove debris and partially disrupted cells, prior to loading onto sucrose gradients. Bands 4 (mitochondria and lysosomes), 7 (α-granules), and 9 (dense granules) had to be pooled together to obtain a sufficient amount of organelles for the assay. The organelle translocation assay was adapted from Gilbert et al.
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Preparation of photomicrographs. The digital images produced in Metamorph were assembled into composite images by using Adobe Photoshop 7.0 (Adobe Systems, San
Jose, CA).
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RESULTS
Organelles move individually along proplatelets to assembling platelets.
Mature platelets contain a mixture of organelles and granules essential to their function.
Since platelets are assembled primarily at the ends of proplatelets, organelles must be delivered from the cell body to fill them. Organelles could translocate individually along proplatelets to nascent platelets, or travel as packets prepackaged in the megakaryocyte body and then transported out to the developing platelets. To discriminate between these transport mechanisms, megakaryocytes were stained with organelle-specific probes to 
Organelles translocate bidirectionally along the length of proplatelets.
Having determined the basic nature of the transport mechanism, we next assessed the dynamics of organelle movement. The transport of organelles and granules along the proplatelets could occur unidirectionally or bidirectionally along proplatelets. To discriminate between these possibilities, mitochondria, α-granules, and dense granules in living megakaryocytes were labeled, and their delivery to nascent platelets was followed by fluorescence time-lapse microscopy. Our analysis demonstrated that all three organelles moved individually and in a bidirectional (back and forth) manner along the proplatelet. Organelles moved slowly (~0.13-0.26 µm/min) and approximately 1/3 of the organelles were moving at any given time. 40% of the organelles moved one by one, whereas 60% moved in tandem, as though they were mechanically linked (n=110). . 28 The fluorescent conjugate colocalizes with immunolabeling for von Willebrand factor in mouse megakaryocytes, demonstrating it to be specific for α-granules (data not shown). α-granules, like mitochondria, were clearly visible as discrete units moving throughout the length of proplatelets. One example of a time-lapse recording displaying α-granule movement in a proplatelet is shown in Figure 2D and Supplemental Movie 2. Similar to the mitochondria, α-granules move in both directions in the proplatelet and at times (59%, n=34) in small tandem groups. α-granules moving tipward are highlighted in green, those moving in the opposing direction in red, and stationary granules are in blue ( Figure 3C ). Approximately 28% of α-granules were moving at any given time. α-granules moved at an average rate of 0.20 µm/min (range of 0.05-0.54 µm/min). To explore the mechanism of dense granule transport, megakaryocytes were labeled with mepacrine ( Figure 2E and Supplemental Movie 3), a reagent rapidly and specifically concentrated in dense granules. [29] [30] [31] Mepacrine fluorescence colocalizes with immunolabeling for serotonin in mouse megakaryocytes, further demonstrating the specificity of this probe for dense granules (data not shown).
Mepacrine, like FITC-fibrinogen for α-granules, concentrates in discrete granules in mouse megakaryocytes. An example of a time-lapse recording tracking dense granule movements in a proplatelet is shown in Figure 2F and Supplmental Movie 3.
Approximately 33% of the dense granules were in motion at any one time. Dense granules moved equally in both directions along the proplatelet, individually (38.5%) and in tandem groups (61.5%, n=12), and traveled at an average rate of 0.139 µm/min (range 0.07-0.19 µm/min). A dense granule moving upward towards the proplatelet tip has been highlighted in green, and a dense granule moving in the opposite direction has been highlighted in red ( Figure 2F ). Collectively, these studies validate the hypothesis that organelles move individually and reveal that movements are not restricted to one direction.
Organelles are captured at the proplatelet tip. To determine if spatial differences existed in organelle/granule traffic throughout proplatelets and to understand how they are packaged into the nascent platelets, we examined the details of transport into swellings along the shaft and into the nascent platelets forming at the proplatelet ends ( Figure 3 ). The behavior of organelles/granules were tracked (an equal number of mitochondria, α-granules, and dense granules) and we quantified four distinct classes of motility: swelling entry, swelling exit, tip entry, and tip exit ( Figure 3D ). Swellings were examined because some believe they represent nascent platelet bodies. An equal percentage of organelles were observed to individually enter and exit the swellings along the length of proplatelets and an equal percentage of organelles were also observed to enter proplatelet tips. However, only a very small fraction (3.5%) of organelles were observed to exit proplatelet tips, suggesting organelles may be partially confined or restricted to the ends of proplatelets. Figure 3C Origin of bipolar movements along proplatelet microtubules. Microtubules are polarized, with chemically and morphologically distinct plus-and minus-ends. 22, 23 Because the polarity of microtubules within proplatelets dictates the direction motors can move, bidirectionality likely plays an essential role in regulating the distribution of organelles along these extended processes and ultimately establishing the final content of the released platelet. The microtubules that run longitudinally in proplatelets could be organized as unipolar arrays, as they are organized in neuronal axons or sperm flagella, or in bipolar arrays as they are organized in neuronal dendrites or the midzone of mitotic spindles. To determine the polarity of microtubules along proplatelets, we permeabilized megakaryocytes in a buffer that preserves microtubules ( Figure 6A -B) and then treated with 0.5M KCl to release associated motor proteins. Plus-end directed kinesin-coated 
DISCUSSION
As megakaryocytes mature, they exhibit morphologic and cytoplasmic asymmetry which become most striking when proplatelets are elaborated. Asymmetry is achieved in part by a transport system that sends platelet-specific cytoskeletal and organelle/granule components into the developing proplatelets and restricts the entry of apoptotic components to the residual cell body. 32 The present studies document the dynamics of organelle movement in the proplatelets. We have found that single organelles and granules enter and move through proplatelets using forces derived from the microtubule cores of these structures. Movement is slow, characterized by frequent pauses and reversals of direction, reflecting the bipolar organization of the underlying microtubule elements. Organelles and granules appear to move both over proplatelet microtubule tracks and ride piggyback on microtubules as they slide relative to one another.
Importantly, the proplatelet ends containing nascent platelets have the ability to capture and hold vesicular cargo once it arrives. These observations are incompatible with the notion that platelets are preformed as "units" in the megakaryocyte body and released via cytoplasmic fragmentation, or that proplatelets are simply chains of preassembled platelet units that have been spooled out by megakaryocytes. 3, 4, 33 Since developed platelet cytoskeletons are not found within the cytoplasm of mature megakaryocytes, and the cytoplasmic breakup of the megakaryocyte cell body has never been observed in vitro, cytoplasmic fragmentation is not a viable model for platelet production. [6] [7] [8] 34, 35 Our observations add further support to the idea that proplatelets are essential intermediates in platelet assembly and provide new insight into how nascent platelets are filled with their vesicular contents. As we have reported, the first recognizable change observed in cultured megakaryocytes that announces the commencement of proplatelet assembly 21 is when radial microtubules release from their centrosomes and collect in the cell cortex. These microtubules rapidly reorganize into bipolar arrays that generate the forces for the initial blunt proplatelet protrusions and, as proplatelets elongate and thin, turn into the bundles that line the shafts and form the teardrop-shaped loops in the proplatelet ends. Proplatelet ends are continuously amplified by mechanism that
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From repeatedly bends and bifurcates the shafts. Microtubules from these loops are then rolled into coils generating the discoid signature of the mature resting blood platelet. Now we report that as proplatelets elaborate using microtubule-based sliding forces, only single organelles and granules move along the microtubule cores. Movement is not simple or continuous, but instead is intermittent with long pauses and changes of direction, a process that disperses the organelles and granules throughout the proplatelet. The organelles and granules continue to move in proplatelets unless they are captured at proplatelet ends, the sites of platelet assembly. We previously concluded that platelet assembly culminates primarily at the ends of proplatelets based on the restriction of microtubule coils to these locations. However, the process of release has never been observed and hence, the precise mechanisms by which individual platelets are released from proplatelets remain to be established. Individual platelets could release sequentially from the proplatelet tips, which would require the continuous and directional transport of cargo to the most distal proplatelet ends. Alternatively, large, relatively immature proplatelets could release from megakaryocytes and subsequently mature into platelets.
Newly released proplatelets would be required to reorganize the microtubules in the fragmented ends into a loop functionally identical to that in the opposing end.
Microtubule loop formation would allow it to configure nascent platelets and capture cargo, and we and others have frequently observed elongated and barbell-shaped proplatelets which have microtubule loops at both ends in megakaryocyte cultures and in mammalian blood. 21, 36 If this strategy of releasing long proplatelets is used in large scale, then the goal of the megakaryocyte transport system is to disperse platelet-specific cytoskeletal and vesicular components throughout the proplatelets. The organelle transport system of the megakaryocyte appears to function with this in mind.
One of the most striking observations is that the rate of vesicular traffic in proplatelets is 0.1-2 µm/min, which is > 10-fold slower than organelle movement in other long-range microtubule-based transport systems. 22, 23 These transport rates are considerably slower than the rates at which proplatelets grow (~1 µm/min) and microtubules slide within proplatelets (~3-4 µm/min). One could argue, that although the rates are slow, proplatelet formation requires 2-10 hours to complete, leaving ample time for organelles to find their
For personal use only. on October 23, 2017 . by guest www.bloodjournal.org From targets, the proplatelet ends. 21 The tight bundling of microtubules in situ or specific microtubule binding proteins could reduce movement. The saltatory motion of organelles, where organelles transiently move, stop, and change direction is widely observed in cells, although in most cases, it is not clear why this energy-inefficient mode of transport is employed. 37 In megakaryocytes, a "random walk" 38 of organelles provides a simple mechanism to distribute organelles throughout proplatelets. Bidirectional transport may also be employed to mix platelet organelles, ensuring that each mature platelet receives its quota. The random walk of organelles also allows cargo to explore large regions of cellular space and increases their chance of finding their target. 39 This simple delivery strategy may explain the large variations in the numbers of organelles found within mature platelets. [40] [41] [42] [43] The distribution of mitochondria throughout proplatelets may also serve to supply the localized energy demands of microtubule assembly and sliding. 44, 45 Thus, for mitochondria, the journey through proplatelets is perhaps just as important as the ultimate destination. 
Mechanism of cargo transport in proplatelets
There are three obvious mechanisms to account for the observed microtubule-associated bidirectional transport of organelles in proplatelets: (1) one or more motors bind to organelles and propel them along microtubules; (2) organelles bind microtubules, but do not move along them and instead move relative to the cell as microtubules slide past one another; and (3) one or more transport motors move organelles relative to microtubules while the same, or different motors, slide adjacent microtubules past each other. Our findings suggest that organelles both move over microtubules and ride "piggyback" 46 Although our studies focused on the delivery of platelet-specific cargo into the proplatelets, it is likely that there is also specific exclusion of material from proplatelets.
For example, evidence has accumulated indicating that apoptotic pathways contribute to platelet biogenesis and that caspase activation is restricted to the megakaryocyte cell body 32, 47, 48 . Because our findings suggest that molecules that enter proplatelets are destined for packing into platelets, the exclusion of these molecules during platelet biogenesis would most likely occur at the cell body-proplatelet junction. How this is achieved will presumably provide an additional reason why proplatelets have evolved as an essential intermediate in platelet production.
What is the relationship of the microtubule-based mechanism that transports organelles along proplatelets to that used by other cells with an exaggerated dependence on organelle transport? 22, 23 Perhaps two of the best-studied systems for understanding organelle transport are the neuronal processes (axons and dendrites) and the sperm flagellum, both of which are highly specialized for long distance transport. 49 proplatelets may provide a mechanism to include organelles that are normally excluded from extensions with unipolar arrays. In addition to the similarities observed with mammalian cells, we also note that striking similarities were observed between the mechanisms by which organelles move in proplatelets and that of the free-living formanifera, Reticulomyxa filosa. 56 We conclude that the creation of a high degree of spatial/temporal organization by using protein motors to transport molecules and 
